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Abstract. Using the FOPI facility at GSI, charged particles
(1≤Z≤6) produced in the Au(150 A MeV)+Au reaction have
been measured at laboratory angles 1.20 < Θlab < 300.
Highly central collisions have been selected with two crite-
ria, both dealing with the longitudinal and transverse degrees
of freedom of the reaction. The relevance of this selection
method is supported by QMD calculations which indicate that
such criteria are able to select mean impact parameters less
than 2 fm. Bias effects introduced by the criteria have been
evaluated. The centre-of-mass polar angle distributions of low
energy clusters emitted in these central collisions, have been
extracted : the intensity ratio deduced for a transverse to longi-
tudinal emission is found to be R=1.4+0.2

−0.4. Model comparisons
using QMD are presented. The value of R appears to depend
sensitively on the nucleon-nucleon cross section,σnn. Within
this model, a value ofσnn=25±5 mb is derived.

PACS: 25.70.-z

1 Introduction

The nuclear collective flow characterising the expansion phase
in central heavy-ion collisions is nowadays one of the most
studied phenomena [1-10] because it is expected to provide in-
formation on the properties of compressed and heated nuclear
matter. In semi-central collisions at intermediate bombarding
energies (a few hundreds of A MeV), these long time recog-
nized collective effects [1] have been shown to be divided into
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two main components : theside-splash[2] dominantly con-
tainedin the reaction plane and thesqueeze-out[3, 5] directed
perpendicularly to it. When the impact parameter reduces to
nearly zero, these two components are expected to merge.

Experiments based on the observation of clusters, per-
formed with the FOPI-detector [11], have evidenced the pres-
ence of a mid-rapidity source in central collisions [12], with
unexpected large cluster yields [13] and with collective ener-
gies an order of magnitude larger than for the directed flow
[14, 15]. In this paper the question of the shape of the mid-
rapidity source in highly central collisions is addressed with
the hope to get some information on the nucleon-nucleon cross
sectionσnn, a leading parameter when nuclear transparency
comes into play.

Up to now, only few experimental analyses have been de-
voted to this topic and furthermore they have been generally
restricted to light particles (Z≤2). Theoretical investigations
are more numerous. Collective phenomena in head-on colli-
sions have been predicted strongly accentuated transversally
to the beam direction (oblate form in the phase space) since
quite a long time by hydrodynamics [16] and more recently
by microscopic dynamical calculations [17–19]. Other cal-
culations [20, 21] advocate different scenarios, going from a
forward-backward emission of the ejectiles, focussed along
the beam axis (prolate form) up to a radial expansion (i.e. an
isotropic emission).

The shape of the flow appears to be strongly connected
to hard scattering, in other words toσnn. In the early hy-
drodynamical calculations, no viscosity was considered. At a
microscopic level, this treatment would be synonymous with
a high nucleon-nucleon cross section which leads to a large
amount of stopping. As a consequence, these models predict
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nuclear matter to be violently ejected transversally, leading to
polar angle distributions in the centre-of-mass peaking around
900 and to transverse momenta larger than longitudinal mo-
menta. This effect is confirmed by microscopic models like
QMD [17] using a large nucleon-nucleon cross section.

The centre-of-mass polar angleΘcm is a suitable observ-
able for studying the event shape in the span of low impact
parameters. Indeed, its distribution is affected both by the lon-
gitudinal (reflecting the amount of stopping) and the transverse
(created in the reaction) degrees of freedom. Hence, it indi-
cates the main direction of nuclear matter flow, with no need
for any reaction plane determination. For a smallσnn value, the
central event shape becomes forward-backward peaked with
maxima at 00 and 1800 in the dN/d(cosΘcm) distributions [20–
22]. A peak at 900 expresses a large number of interactions
(highσnn) between the nucleons of the projectile and the tar-
get while an intermediateσnn value implies that the emission
becomes more or less isotropic in phase space (flat polar an-
gle distributions). In view of the high sensitivity of theΘcm
observable to the nucleon-nucleon cross section, the compar-
ison between experimental and theoreticalΘcm distributions
should allow, at least, an estimate ofσnn.

The present study has been performed by using the FOPI
facility [11] at GSI (Darmstadt) operating in the so-called
Phase I configuration. The data have been collected for charged
particles 1≤Z≤6 emitted in the Au(150 A MeV)+Au reaction
at laboratory angles 1.20 < Θ < 300, which cover the major
part of the forward hemisphere in the centre-of-mass frame.

At variance with previous experiments dominantly based
on light product measurements (Z≤3) [1, 23, 24], the present
investigation deals with cluster measurements. The cluster
yields of the centre-of-mass polar angle distributions are in-
vestigated in detail for central collisions, while the polar angle
dependence of the kinetic energies of clusters is presented in a
separate report together with bombarding energy dependence
of the general features of the mid-rapidity source [25]. In order
to lessen present limitations of FOPI-Phase I, the yields are
selected for centre-of-mass kinetic energies, Ekin less than 9
A MeV.

Since the investigated effects are expected to manifest
themselves only for very small impact parameters (b≤2 fm),
various centrality criteria are examined and the most effec-
tive is retained, even at cost of possible biases. The biases are
then evaluated using calculations based on a specific QMD
theoretical approach [17].

2 Selection of highly central collisions

Since the impact parameter b cannot be measured experimen-
tally, the degree of centrality of the reaction has to be evaluated
by means of criteria defined from experimental observables
whose distributions vary significantly with b. Very low impact
parameter collisions occur seldom while the analysis requires
significant statistics. One has also to pay attention to the fact
that by nature, any centrality criterion will influence the shape
or other characteristics of the selected events in several man-
ners. Different criteria will lead to the selection of different
subsets of events. Due to distortions introduced by the crite-
ria, the experimentally selected set of central collisions will
depart somewhat from that of the “true” central events (i.e.

Fig. 1. Transverse momentum per nucleon (pt/A) of the ejectiles (expressed
in units of the projectile momentum per nucleon (pp/Ap) in the centre-of-
mass system) as a function of the ejectile rapidity (y) (normalised to that
of the projectile (yp) in the centre-of-mass frame) for different criteria of
centrality for the Au(150 A MeV)+Au reaction. Lighter Z≤2 (left column)
and heavier 3≤Z≤6 (right) ejectiles are considered. Contour plots for PM5,
PM5D1, PL100 and ERAT100 are shown fromtop to bottom. The contours
correspond to 20, 40, 60, 80 % of the maximum of the invariant cross section
from outer to inner

those selected according to the value of their impact parame-
ter). The evaluation of these distortion effects may be achieved
by comparing both ensembles of events (corresponding to the
same reaction cross section) in the framework of the QMD
model. Following earlier works, the FOPI collaboration has
developed several criteria aimed at the selection of central
collisions. Their merits and drawbacks have been discussed
elsewhere [26]. In the present work, we aim at the highest
possible centrality selection. We will first reexamine the al-
ready existing criteria in this context before introducing a new
one.

Among the most frequently used event selections, one may
start from the one based on charged particle multiplicities.
The most violent reactions imply a large desintegration of
the colliding system, thus high charged particle multiplicities
(PMUL). This approach was followed earlier in the Plastic
Ball experiments [1-4]. It was recently used in the FOPI exper-
iments by considering the PM5 criterion [12], defined at 150
A MeV with the condition PMUL>36 (for 70 < Θlab < 300),
leading to a cross section of 280 mb. According to QMD cal-
culations [21], the impact parameter for PM5 events ranges
from 0 up to 7 fm (<b>∼ 3.5 fm) [12]. A higher multiplicity
requirement does not lead to a significant reduction of the im-
pact parameter, while lowering substantially the cross section
(100 mb) [27]. The PM5 criterion depends only on the de-
gree of dissociation of the system. No consideration about the
event shape is implied. It turns out that many events still con-
tain ejectiles with rapidity close to that of the projectile. This
characteristic can be seen in Fig.1, showing results obtained
for the Au( 150 A MeV) +Au reaction. Here, the transverse
linear momentum per nucleon, expressed in units of projectile
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linear momentum per nucleon in the centre-of-mass system,
plotted as a function of the rapidity scaled to that of the pro-
jectile, is shown for light particles Z≤2 (left column) and for
clusters Z≥3 (right column). One may observe that spectator
remnants are clearly present like in typical semi-central col-
lisions. Hence, a criterion based only on the charged particle
multiplicities suffers an obvious limitation for a selection of
central events.

In order to reach lower impact parameters, an additional
criterion was used. When b tends to zero, the disappearance
of the reaction plane leads to transverse momenta of the ejec-
tiles emitted in the forward hemisphere, homogeneously dis-
tributed in the azimuthal plane. This led previous authors to
define the directivity [12, 28], event by event, as :

D =

∣∣∣∣∣∑
i

pi
t

∣∣∣∣∣
/∑

i

|pi
t |
]
y≥0

where the sum runs over the transverse momentumpi
t of all

detected particles emitted in the forward hemisphere of the
centre-of-mass (y≥0) within an event. High centrality should
yield low directivity; thus, the condition D1 (D≤0.2) may be
added to the PM5 preselection [12]. QMD calculations [21]
have been performed to evaluate the mean impact parameter
reached with the PM5D1 criterion. They yield a value of 2.8
fm. However, the dependence of the directivity on the impact
parameter [12, 27] is such that events corresponding to b∼ 5-7
fm remain present to some extent, with the extra D1 condition.
It results from the fact that semi-central events may include
projectile remnants ejected with a large longitudinal momen-
tum and a weak transverse one, hence contributing only little
to the directivity value. The effectiveness of PM5D1 may be
seen in Fig.1 (2nd row). When compared with PM5, the PM5D1
distributions are shifted towards mid-rapidity, especially for
Z≥3, so enlightening the marked sensitivity of clusters to the
impact parameter. Nevertheless, a non negligible component
near the projectile rapidity still remains.

In order to better isolate the mid-rapidity source corre-
sponding to the most central events, we have looked for more
constraining criteria.

By definition, the collisions at b=0 imply the non-existence
of projectile and target remnants since the whole colliding sys-
tem participates in the reaction. This fact can be used by re-
quiring a low global longitudinal momentum or a large global
transverse to longitudinal energy ratio when considering all the
particles emitted in the forward hemisphere within an event.
Setting conditions on longitudinal and transverse momenta
may influence more directly the shape of the mid-rapidity
source and introduce more distortions than cuts on multiplic-
ity and directivity, these latter quantities being less directly
related with the event shape. First, we shall investigate the
selectivity power and later we will evaluate the distortions.

Let us define, event by event, the quantity PL :

PL =

∑
i

pil

Ztot

pt≤0.6

y≥0

where
∑
i

pil is the sum running over all particle centre-of-

mass longitudinal momenta andZtot is the corresponding total

Fig. 2. Distribution of the PM3+PM4+PM5 events as a function of PL. The
PL100 cut corresponds to the PL<0.257 condition, yielding a reaction cross
section of 100 mb

Fig. 3. Distribution of the average impact parameter<b> as a function of
the cross sectionσPL corresponding to the PL event selection (thick solid
curve), as predicted by QMD for Au+Au at 150 A MeV. The dependence of
<b> on the geometrical cross sectionσb is also shown (light solid curve)

charge measured in the forward hemisphere of the centre-
of-mass (y≥0). To avoid background contamination, we will
consider only events for which the detected charged particle
multiplicity is larger than PMUL=18 (i.e. the so-called PM3,
PM4 and PM5 bins [12]). In order to minimize the influence of
the detector boundary limit atΘlab = 300, the sum runs only
over products whose pt ≤0.6 (where pt=pt/A/pp/Ap with Ap
and pp being the mass and the linear momentum in the centre-
of-mass system of the projectile, respectively) independently
of rapidity. The distribution of PL shown in Fig.2 is broad,
extending from 0.1 up to 0.6 GeV/c per charge unit with a
mean value of 0.33 GeV/c. By restraining PL to less than 0.257
GeV/c, one selects an ensemble of collisions corresponding
to a cross sectionσPL of 100 mb (the criterion called PL100).
This cut represents a compromise between a high degree of
centrality and acceptable statistics.

The result of using this criterion is illustrated in Fig.1
(3rd row). One may still observe some contribution up to
y=y/yp ∼1 for light particles, while for clusters the distri-
bution is narrow and essentially located in the so-called par-
ticipant region (y≤0.5), revealing a substantial reduction of
the spectator component. These trends indicate clearly that
the PL100 criterion selects, as expected, more effectively the
mid-rapidity region than PM5 and PM5D1.

In order to evaluate the degree of centrality obtained with
the PL100 criterion, we have performed filtered QMD calcu-
lations [17]. The correlation between the average impact pa-
rameter<b> and the cross sectionσPL, relative to the PL
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Fig. 4. Azimuthal angle distributions of ejectiles for Au(150
A MeV)+Au reactions selected with the PL100 (left frame),
PM100 (middle) and ERAT100 (right) conditions. Theφ angle
is defined with respect to a reference angle, calculated event
by event and corresponding to the main direction of particule
emission in the azimuthal plane. Thesolid curvesare fits to
the data with a polynomial function g (see text). Asymmetry
ratios R=g(00)/g(1800) are also indicated

selection, is given inFig.3. For purpose ofcomparison,<b>
is also shown as a function of the geometrical cross section
σb. This simulation demonstrates that a selected cross section
σPL of 100 mb leads to a mean impact parameter of 1.8 fm
(for σb=100 mb,<b>=1.2 fm in case of the true geometrical
cross section). Thus, the PL100 criterion allows a low impact
parameter selection with acceptable statistics.

As stated before, in the most central collisions where no
preferential azimuthal emission should exist, the distribution
of the azimuthal angleφ should be close to isotropy. This is
indeed observed when the PL100 condition is applied to the
data, as shown in Fig.4 (left frame). A polynomial fit to the
data (curve) allows the estimation of the anisotropy of the
distribution by calculating the ratio R=g(00)/g(1800) where g
is the fit function (g(φ)=a0+a1cosφ+a2cos2φ). As reported in
the figure, R is equal to 1.33 for PL100, while for the ejectiles
emitted in PM100 reactions (charged particle multiplicity se-
lection corresponding to a cross section of 100 mb) this ratio
is as large as 3.15 (middle frame).

The PL criterion is to be compared with another cut oper-
ating on energy instead of linear momentum and which was
used in previous analyses [26, 29]. It is the so-called ERAT
criterion defined event by event, as :

ERAT =
∑
i

Eit

/∑
i

Eil

]
y≥0

whereEit andEil are respectively, the transverse and longi-
tudinal centre-of-mass kinetic energy of the particles emitted
in the forward hemisphere in the centre-of-mass. High ERAT
values mean that a large fraction of the initial longitudinal
beam energy has been transfered into the transverse degree of
freedom.

A cross section of 100 mb may be selected by imposing
ERAT to be larger than 0.78. The result of using this condition
(ERAT100) is somewhat comparable with that obtained with
PL100 as it can be observed in Fig.1 (bottom row). Following
QMD calculations [21], the mean impact parameter achieved
with the ERAT100 is found equal to 2.1 fm.

The dN/dφ distribution of ERAT100 collisions is shown in
Fig.4 (right frame). They exhibit a weak asymmetry (R=1.37)
quite comparable to that measured for PL100 events. Hence,
it appears that the PL100 and ERAT100 centrality criteria are
more suitable for selecting low impact parameters than the
PM100 and PM5D1 criteria.

Fig. 5.Centre-of-mass polar angle distributions for ejectiles 1≤Z≤6 selected
with the conditions PL100 and Ekin <9 A MeV. The grey zones correspond
to the region where accurate corrections of acceptance and threshold effects
are difficult, hence no data are considered. Thecurvesare fits to the data.
The brutal change around 900 is due to an autocorrelation effect (see text).
Asymmetry ratios are calculated from 00 and 900 yields

3 Experimental centre-of-mass polar angle distributions

We have extracted the dN/d(cosΘcm) distributions of events
selected with the PL100 criterion. They are shown in Fig.5, for
ions 1≤Z≤6, after correction for low local inefficiencies of the
detector. In order to avoid distortions due to theΘlab = 300

boundary limit of the detector, the distributions are limited to
particles whose centre-of-mass kinetic energy (Ekin) is less
than 9 A MeV. Besides, the distributions cannot be corrected
with full accuracy and confidence belowΘcm = 200 (grey
zones in Fig.5). Indeed, a large fraction of the 00 ≤ Θcm ≤ 100

region resides below the (Θlab < 1.20) lower acceptance limit
of the detector while the 100 ≤ Θcm ≤ 200 domain is affected
by efficiency loss, difficult to evaluate accurately. Hence no
data is considered in this angular span.
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As seen from Fig.5, for hydrogen and helium ions, the
distributions are almost isotropic, whereas for clusters they
are characterized by an asymmetry and a monotonic increase
between 200 and 900. The higher the Z, the larger the effect. In
order to quantify this effect, the cluster distributions between
200 and 900 have been fitted with a function (solid curves in
Fig.5) defined as :

f (c, d,Θcm) = c.e−d(cosΘcm)2

The magnitude of the anisotropy effect between 00 and 900

is given by the factorR = f (900)/f (00) = ed, also reported in
the figure.

Speaking about possible distortions in the final result, as
a consequence of a specific choice in a preselection of events,
two types of effects may be mentioned : (i) the autocorrelation
effect due to the inclusion of the particle of interest for the final
result in the preselection, as it has been extensively discussed
for the case of the reaction plane determination [30] and (ii)
biases which influence in a more general way the final result.
Both effects carry also a “finger print” of the limits in phase
space which were used for the preselection (e.g the limits in
the pt-y plane). In principle, the autocorrelation effect can be
eliminated by dropping the particle of interest (POI) from the
preselection. However in this analysis, the POI has not been
eliminated : this in order to preserve the highest possible cen-
trality selectivity. The overall distortions have been evaluated
on the basis of QMD calculations.

The sudden step in the angular distributions around 900

for PL100 events is due to an autocorrelation. Indeed the PL
criterion favours the selection of reactions where particles are
ejected preferentially in the forward hemisphere, hence a lack
of counts beyond 900 in the dN/d(cosΘcm) distributions. The
following qualitative rational allows to figure out the reason
for this effect. Let us consider an event (a) whose particles are
emitted mainly in the forward hemisphere of the centre-of-
mass frame and let us suppose that this event belongs to the
PL100 set. Let us consider now the same event, mirrored with
respect to the mid-rapidity axis (event (b)), i.e the particles are
now dominantly emitted in the backward hemisphere. Since
only ejectiles emitted in the forward hemisphere contribute
to the PL determination, the PL value relative to (b) will be
generally larger than for (a). Hence, in many cases, when event
(a) fullfills the PL<0.257 condition, the mirrored event (b)
does not.

The analysis for fragments 3≤Z≤6 is summarized in Fig.6,
together with similar studies conducted by using ERAT100,
PM5D1 and PM5 cuts. The following points may be stressed
: i) For ERAT100, the discontinuity around 900 also exists but
appears reduced as compared with that found in PL100. It ap-
pears as a shift of the peak in theΘcm distribution toward
values around 700. This shift is related to the phase space lim-
itation of longitudinal and transverse momenta entering in the
ERAT-selection : the maximum pt varies with the rapidity ac-
cording to theΘlab = 300 acceptance limit of the detector.
Consequently, requiring large ERAT values privileges events
for which the particle emission is focussed nearΘcm ∼ 700.
ii) In order to quantify the magnitude of the anisotropy, the
fragment distributions have been fitted (solid curves) with the
function f(c,d,Θcm) and the asymmetry ratios R=f(900)/f(00)
and R=f(700)/f(00) have been extracted as R=1.73 and 1.60
for the PL100 and ERAT100, respectively. Both distributions

Fig. 6. Centre-of-mass polar angle distributions for fragments 3≤Z≤6 ob-
tained with different centrality criteria : PL100, ERAT100, PM5D1 and PM5.
For the first two cuts, fits to the data are performed. The asymmetry ratios are
calculated between 00 and 900 for the distribution relative to PL, and between
00 and 700 for the ERAT one

show a comparable asymmetry. iii) The asymmetry of the dis-
tributions becomes much smaller for PM5D1 and vanishes for
PM5. These trends indicate that when going to less central col-
lisions, the transverse expansion weakens. The distributions
do not exhibit any drop-off aroundΘcm = 900 : these criteria
do not deal with either longitudinal or transverse degree of
freedom.

4 Bias estimation

Before interpreting the polar angle distribution of clusters, one
has to examine the possibility of distortions introduced by the
used cuts.

The PL100 (ERAT100) criterion selects events for impact
parameters below 1.8 fm but includes also as many events for
which b> 1.8 fm, because of the fluctuations around this aver-
aged value. As a result, it is essential to quantify the difference
between the behaviour characterizing the experimentally se-
lected events and that of “true” central events (i.e. selected ac-
cording to the geometrical cross section). This can be achieved
only in the framework of model simulations. Here, it was per-
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Fig. 7.Distributions of the PL quantity, predicted by the QMD model, for the
Au+Au reactions at 150 A MeV whose the impact parameter ranges from 0
up to 4 fm. Two parametrisations of the nucleon-nucleon cross section are
used :σnn=30 mb (stars) and 40 mb (squares). The former compares well
with the experimental distribution (dotted histogram) in the low PL region

Fig. 8.Similar analysis as shown in Fig.7 for the ERAT instead of PL

formed by making use of QMD calculations [17]. Of course,
one has to take into account the fact that the bias corrections
will depend on the model inputs. In principle, a better bias
estimation should be obtained with the set of parameters of
the model which reproduces best the experimental data.

The experimental PL (Fig.7) and ERAT (Fig.8) distribu-
tions (dotted histograms) are compared to the corresponding
QMD calculations in which the impact parameter is ranging
from 0 to 4 fm and for two different parametrisations ofσnn. It
appears that a good agreement between data and calculations
is obtained forσnn=30 mb over the PL and ERAT domains
concerned by the span of b’s. Conversely, a value of 40 mb for
σnn leads to a poorer agreement. Hence, for the bias estima-
tion, we will use QMD calculations utilizingσnn=30 mb.

The QMD dN/d(cosΘcm) distributions (solid dots) of the
fragments 3≤Z≤6 calculated by selecting with the PL (left
frame) and ERAT (right) criteria, a set of events correspond-
ing to a cross section of 100 mb, are shown in Fig.9. They
are compared with those obtained (squares) when consider-
ing “true” central events, with an equivalent geometrical cross
section of 100 mb. The condition on the kinetic energy (Ekin <
9 A MeV) is, of course, systematically applied. Let us notice
that the theoretical dN/d(cosΘcm) distribution related to the

Fig. 9.Centre-of-mass polar angle distributions calculated with QMD for the
3≤Z≤6 fragments. Thesquaresare for “true” central collisions correspond-
ing to a mean impact parameter<b>=1.2 fm. In order to benefit the largest
possible statistics, all the generated events have been summed in the forward
hemisphere and mirrored into the backward. Thedotsare for events selected
with PL (left frame) and ERAT (right) criteria. All distributions correspond to
a reaction cross section of 100 mb. Thecurvesare fits to the calculated distri-
butions. The reported asymmetry factors, deduced from the fits, are obtained
from the yield ratios (f(900)/f(00)) and (f(700)/f(00)) for the PL and ERAT
sets of events, respectively

theoretical PL events, reproduces rather well the discontinu-
ity atΘcm = 900 observed in the experimental data, while, as
expected, it is not observed in the “true” central event distri-
bution.

The departure between the distribution relative to the PL
events and that of the “true” central’s has been quantified by
comparing the ratios RPL (PL events) and Rb (“true” central’s)
obtained as described before. The distortion relative to the
PL cut is given by the factor Rbias=Rb/RPL=2.15/2.62=0.82
which, applied to the asymmetry factor extracted from the
data (R=1.73), leads to a corrected value of 1.4+0.2

−0.4. To the
extent that the model predicts an anisotropy larger than the
one actually measured (see Fig.5 and Fig.9), we have set an
asymmetric error on theσnn value.

It is worth seeing how this distortion effect varies with the
value of the selectedσPL cross section. When applying a more
severe cut to PL to reduce the reaction cross section to 50 mb,
the data show a larger raw anisotropy (R=2.11) but the distor-
tion also increases so that the net asymmetry effect remains
close to 1.4. This may be explained by the fact that dealing
with less than 100 mb does not lower significantly the mean
impact parameter (see Fig.3). Besides, due to fluctuations, the
set of events is less and less typical of the true set of central
collisions.

5 Model comparison and nucleon-nucleon cross section
evaluation

The trend of the dN/d(cosΘcm) distribution in head-on colli-
sions depends strongly on the degree of stopping of the nu-
clear matter. According to QMD, it is mainly governed by the
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Fig. 10.Centre-of-mass polar angle distributions pre-
dicted by QMD for light particles (upper frame) and
for fragments (lower) for the Au(150 A MeV)+Au
reaction at b=0. Calculations are done for three
parametrisations of the nucleon-nucleon cross sec-
tion : σnn=20, 30 and 40 mb

nucleon-nucleon cross sectionσnn and only weakly by the
parametrisation of the Equation of State [1, 17].

Some typical trends calculated for Z≤2 and 3≤Z≤6 are
shown in Fig.10 forσnn = 20, 30 and 40 mb. A drastic evo-
lution is observed. Lowσnn, i.e. some transparency, creates a
prolate deformation of the event shape in the pt-y plane result-
ing in a dN/dcos(Θcm) distribution peaking atΘcm = 00 and
1800 for Z≤2 and remaining roughly flat for heavier Z’s. As
σnn increases, both distributions peak aroundΘcm = 900 and
the larger the cross section the more pronounced the effect.
We have already shown thatσnn=30 mb allows a satisfactory
reproduction of the experimental PL and ERAT distributions
in the region of low b’s (see Figs.7 and 8) and that largerσnn
value deteriorates the agreement. Comparison of Fig.5 and
Fig.10, corresponding to measured and calculated centre-of-
mass polar angle distributions, may allow to set some limits on
σnn. This comparison for Z≤2 and 3≤Z≤6 suggests in both
cases aσnn of about 25±5 mb. Such an estimate is model de-
pendent. However, recent QMD developments [17, 31] show
that a careful treatment of the input parameters, in order to
prepare the initial system of the collision in comparable con-
ditions, leads to equivalent predictions regardless the QMD
approach used.

6 Conclusion

In this work, we have analysed the collective flow in highly
central Au(150 A MeV)+Au reactions, with emphasis on clus-
ter (Z≥3) flow.

The selection of very central collisions has been achieved
by making phase space cuts utilizing the concept that highly
central collisions must exhibit event shapes with vanishing
spectator component. Two criteria have been examined, ERAT
(requiring high transverse kinetic energy) and PL (low global
longitudinal momentum). By restraining the reaction cross
section to 100 mb, central collisions have been selected. We
have shown that in these conditions, according to QMD cal-
culations, the mean impact parameter reaches values less than
2 fm. Furthermore, phase space distributions in the transverse
momentum-rapidity plane are centered at mid-rapidity and the
azimuthal distributions present a weak asymmetry, thus con-
firming the high degree of centrality of the selected events.

The experimental centre-of-mass polar angle distributions
of such events show an increase between 00 and 900 when the
low energy clusters are considered. Distortion effects inherent
to the centrality criteria have been studied using QMD cal-
culations. These latter have been performed with an isotropic
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nucleon-nucleon cross section allowing the model to repro-
duce well both experimental PL and ERAT distributions. The
dN/d(cosΘcm) distributions, corrected for distortions, show
an anisotropy value of 1.4+0.2

−0.4. A value of about 25±5 mb for
the in medium nucleon-nucleon scattering cross section,σnn,
which is of basic importance for the stopping mechanism, has
been derived from the data. This study should be considered as
a first attempt to characterise the flow pattern in highly central
collisions and subsequently to evaluateσnn. The present re-
sults which suffer some acceptance and efficiency lacks should
be substantiated by further analyses with FOPI-Phase II.
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